Metazoan histone mRNAs are unique in that they lack a 3 -polyadenylated tail, but instead end in a conserved stem loop that is bound by SLBP (stem-loop binding protein). SLBP is required for efficient histone mRNA synthesis and translation. Removal of SLBP by RNA interference causes an increase in the number of cells in S-phase and this effect can be reversed by expressing an exogenous SLBP resistant to the small interfering RNA. Cells with decreased SLBP levels progress slowly through S-phase when released from a doublethymidine block. Thus SLBP is required for efficient DNA replication probably because a decreased ability to assemble chromatin results in a decrease in the rate of DNA replication.
Introduction
Correct progression through S-phase requires both replication of DNA as well as the appropriate synthesis of histone proteins and assembly of chromatin. These two processes are co-ordinately regulated and mutually dependent on each other [1] . The cell-cycle regulation of histone protein production is achieved by regulating the steady-state levels of histone mRNA. Metazoan histone mRNAs are the only eukaryotic mRNAs that do not end in a polyadenylated tail, but end in an evolutionarily conserved stem-loop structure that is formed by cleavage of the pre-mRNA between the stem-loop and the histone downstream element [2] . As cells progress into S-phase, histone gene transcription increases as does the efficiency of formation of the histone mRNA 3 -terminus [3, 4] . Formation of this unique 3 -end is most efficient during S-phase; in fact, histone pre-mRNAs lacking a stem-loop at their 3 -end are rapidly degraded in the nucleus. The stem-loop is also required to localize histone mRNA to polyribosomes [5] stimulating translation of histone protein [6, 7] .
The stem-loop sequence is recognized specifically by SLBP (stem-loop binding protein), a 31 kDa protein containing a highly conserved internally located RNA binding domain that is not similar to known RNA-binding motifs [8, 9] . The nuclear SLBP binds to histone pre-mRNA and helps to recruit U7 snRNP (where snRNP stands for small nuclear ribonucleoprotein) and other factors to the histone downstream element to promote cleavage [10] . In the cytoplasm, SLBP is a component of the histone mRNP [5] , where it stimulates histone mRNA translation [7] and stabilizes histone mRNA. In mammalian cells, SLBP is synthesized immediately prior to entry into S-phase and is rapidly degraded at the end of S-phase [4] . The regulation of SLBP accounts for the post-transcriptional regulation of histone mRNA during the cell cycle [11] .
The effects of genetic disruption of SLBP in Drosophila melanogaster and Caenorhabditis elegans have been well described. In C. elegans, knocking down SLBP results in an early embryonic lethality due to a failure to replicate chromatin properly, resulting in mitotic catastrophe [12] . Similarly, hypomorphic mutants of Drosophila SLBP demonstrate maternal effect lethality, owing to a failure to store sufficient histone mRNA in the egg, resulting in a failure to assemble chromatin properly during the syncytial stage again resulting in a mitotic catastrophe [13] . Down-regulation of SLBP in HeLa cells has recently been described using DNA-based RNAi (RNA interference) [14] . The phenotypes documented from this study include a decrease in histone mRNA and cell growth, and a decreased rate of progression through S-phase. In the present study, we describe results using an siRNA (small interfering RNA)-mediated knockout of SLBP in human U2OS cells. Asynchronous cells treated with SLBP siRNA accumulate in S-phase and this effect can be reversed on expression of an RNAi-resistant SLBP. We also demonstrate that HeLa cells depleted of SLBP and released into S-phase after double-thymidine block progress more slowly through S-phase compared with control cells.
Knockdown of SLBP by RNAi
We designed a series of siRNAs targeting the human SLBP open reading frame and found one particular siRNA, S2, effectively depleted SLBP. We transfected U2OS cells with either S2 siRNA or control siRNA having no cellular target (C2) using a previously established two-hit siRNA transfection method [15] . S2 siRNA specifically depleted cells of SLBP, whereas it had no effect on the levels of an unrelated protein ( Figure 1A) . Knocking down SLBP resulted in a decrease in cell number compared with cells (A) U2OS cells were treated with either C2 siRNA or S2 siRNA (5 -GAGAGAGAAAAUCAUCAUC-3 ) for 96 h using a method described previously [15] . Lysates were resolved by SDS/PAGE and the levels of CA150 [9] and SLBP were detected by Western blotting. (B) Western-blot analysis (αSLBP) of U2OS cells transfected with either wild-type HA-SLBP [11] or RNAi-resistant HA-SLBP * 48 h after the first hit with either C2 or S2 siRNA. (C) Cell-cycle profiles of cells analysed in (B) determined by flow cytometry.
Figure 2 Cells depleted of SLBP progress more slowly through S-phase
(A) siRNA-treated cells were arrested by double-thymidine block as described previously [4] , with the first thymidine treatment starting 5 h after the second siRNA treatment. Total cell lysates were analysed for SLBP levels by Western blotting.
(B) Cells in (A) were released from the double-thymidine block and the cell-cycle distribution was determined by flow cytometry. The line denotes the average cell in C2-treated cells.
treated with C2 siRNA after 4 days of siRNA treatment, suggesting that the cells were growing more slowly (results not shown). Cells transfected with C2 siRNA exhibit typical cell-cycle profiles with 24% of the cells in S-phase ( Figure 1C , left). Knockdown of SLBP resulted in an increase to 39% S-phase cells, suggesting that the loss of SLBP slows the progression of cells through S-phase ( Figure 1C, middle) .
To demonstrate the specificity of this phenotype, we rescued the phenotype by expressing an HA (haemagglutinin)-tagged SLBP (HA-SLBP * ) protein that was RNAi-resistant. The HA-SLBP * construct was created by the introduction of silent mutations into the SLBP open reading frame, where the siRNA targets, to render it unresponsive to RNAi. The protein encoded by this construct is identical with endogenous SLBP with the exception of an N-terminal HAtag. As a control, cells were also transfected with the unmodified HA-SLBP. The unmodified HA-SLBP as well as the endogenous SLBP were knocked down ( Figure 1B, lane 2) , whereas the RNAi-resistant HA-SLBP * was completely unaffected by the S2 siRNA, although the endogenous SLBP was knocked down over 90% ( Figure 1B, lane 4) . Expressing the HA-SLBP * protein restored the normal cell-cycle distribution ( Figure 1C, right) , demonstrating that it rescued the phenotype of the SLBP knockdown cells.
To determine if there was a decrease in the rate of progression through the S-phase, we synchronized HeLa cells treated with either C2 siRNA or S2 siRNA at the G1/S border using a double-thymidine block [4] . Blocking the cells with thymidine had no effect on the efficiency of SLBP knockdown (Figure 2A ) and conversely, treating cells with RNAi did not prevent arrest of the cells at the G1/S border, although there was an increase in the number of G2/M cells in the S2 RNAi-treated cells ( Figure 2B ). On release into S-phase, cells depleted of SLBP exhibited three phenotypes. First, many cells did not enter S-phase and remained stationary throughout the course of the experiment. Secondly, those cells that entered S-phase progressed at a slower rate. Finally, there was an increasing number of cells in G2 phase at long times after release ( Figure 2B ), suggesting that many of the cells that completed S-phase were arrested in G2 phase as a result of incomplete replication or chromatin defects in the replicated DNA.
Conclusions
Müller and co-workers [14] have recently reported that knocking down SLBP using a plasmid-based RNAi approach interferes with cell-cycle progression in HeLa cells, although they were not able to achieve the same degree of knockdown reported in the present study. We suggest that downregulating SLBP results in a decrease in the rate of histone synthesis by interfering with histone mRNA synthesis, translation of histone mRNA, or a combination of the two. Since continued DNA replication requires continued chromatin assembly [1] , a decrease in histone synthesis will result in a decrease in the rate of DNA replication, and this probably explains the accumulation of cells in S-phase. This interpretation is supported by the demonstration that cells with decreased SLBP progress more slowly through S-phase after release from a double-thymidine block. The ability to rescue the phenotype of SLBP knockdown using an RNAi-resistant SLBP will give the definition of the minimum sequences in SLBP that are necessary for cell-cycle progression, determine its ability to participate in histone mRNA biosynthesis or translation of histone mRNA, as well as provide an assay to perform future structure-function studies in vivo.
